Abstract Short-term strength and power recovery patterns following fatigue have received little research attention, particularly as they pertain to age-specific responses, and the leg flexors (i.e., hamstrings) muscle group. Thus, research is warranted addressing these issues because both age-related alterations in the neuromuscular system and mode of muscle action (e.g., eccentric, concentric, isometric) may differentially influence recovery responses from fatigue. The aim of this study was to investigate the strength and power recovery responses for eccentric, concentric, and isometric muscle actions of the leg flexors in young and older men following an isometric, intermittent fatigue-inducing protocol. Nineteen young (age=25±3 years) and nineteen older (71±4) men performed maximal voluntary contractions (MVCs) for eccentric, concentric, and isometric muscle actions followed by a fatigue protocol of intermittent (0.6 duty cycle) isometric contractions of the leg flexors at 60 % of isometric MVC. MVCs of each muscle action were performed at 0, 7, 15, and 30 min following fatigue. Peak torque (PT) and mean power values were calculated from the MVCs and the eccentric/concentric ratio (ECR) was derived. For PT and mean power, young men showed incomplete recovery at all time phases, whereas the older men had recovered by 7 min. Eccentric and isometric muscle actions showed incomplete recovery at all time phases, but concentric recovered by 7 min, independent of age. The ECR was depressed for up to 30 min following fatigue. More rapid and pronounced recovery in older men and concentric contractions may be related to physiological differences specific to aging and muscle action motor unit patterns. Individuals and clinicians may use these time course responses as a guide for recovery following activity-induced fatigue.
Introduction
During the process of normal aging, the neuromuscular system undergoes a number of changes. These changes include the loss of muscle mass and Type II muscle fibers, muscle metabolism alterations and slowing of contractile properties, motor unit and neuromuscular junction remodeling, and motor unit activation impairments (Kamen et al. 1995; Lanza et al. 2007; Deschenes 2011 ), which may impact a variety of functional outcomes in human movement.
One particular area that has garnered attention in recent years is the effects of aging on the nature of muscle fatigue. Age-related changes in the neuromuscular system may influence the attributes of fatigue, which interestingly, may yield a favorable advantage in older adults (Kent-Braun 2009; Christie et al. 2011) . Although a number of investigations have examined the influence of age on fatigue resistance capacities, as well as the associated mechanisms of distinct responses (Kent-Braun 2009; Christie et al. 2011) , far fewer studies have investigated the age-related differences in recovery responses from voluntary contraction-induced fatigue. Bilodeau et al. (2001) fatigued the forearm flexors in young and older adults using a maximal voluntary contraction (MVC) until the torque dropped below 50 % of the MVC and assessed strength recovery at six recovery time periods for up to 20 min following the fatigue protocol. The authors reported incomplete recovery of strength at 20 min post exercise, with no differences between age groups; however, they acknowledged the findings may be influenced by a low number of subjects. Allman and Rice (2001) also examined age-related effects of voluntary isometric force during a recovery period following fatigue of the forearm flexors; however, they induced fatigue with an intermittent submaximal fatigue protocol. Similarly, they showed no differences between young and older men in force recovery responses during 60 min of recovery, with an incomplete recovery of force at 60 min in both groups. Likewise, their study sample size was small, with only seven subjects per group. Because both of these studies were performed on the elbow flexors, our understanding on other muscle groups is limited, such as whether these effects are also observed on the functionally important locomotor muscles of the lower body. Specific characteristics of the time-course responses during the short-term recovery period following neuromuscular fatigue are imperative to help provide clinicians with information on the likelihood of performance deficits at specified time periods.
Human movement activities, particularly those involving locomotion, involve the performance of concentric, eccentric, and isometric muscle actions (Gray and Chandler 1989; Hortobagyi et al. 1995) , which may function synergistically (co-contraction of opposing muscle groups during dynamic contractions) or cyclically (muscle switching roles from concentric, isometric, and eccentric actions during a movement cycle, for example, during gait). It has been suggested that differences in neural activation strategies exist between muscle actions, with eccentric actions exhibiting reduced activation and discharge rates, and selective activation of high threshold motor units (Enoka 1996) . A common approach used by previous studies (Smith and Newham 2007; Iguchi and Shields 2010) has compared differences in fatigue responses when performing fatigue protocols using characteristically different eccentric vs. concentric muscle actions to elucidate mechanistic fatigue features unique to each type of muscle action; however, little if any attention has been given to the inverse approach in which fatigue is induced from a singular muscle action fatigue protocol (e.g., isometric muscle actions) and subsequently assessed for the effects on force characteristics specific to each of the three different muscle actions. It remains to be determined how neuromuscular fatigue induced from a controlled isometric muscle action protocol may uniquely impact each of the three muscle action types during an acute recovery period. This would shed light on the specific outcomes of fatigue recovery pertaining to each of the types of muscle actions that are all, at least to some extent, used for many common human movement tasks.
A particularly useful variable to assess these responses may be the eccentric/concentric ratio (ECR), which has been shown to be a sensitive measure in discriminating clinical conditions (Bennett and Stauber 1986; Marshall et al. 2010) . The utility of this variable was recently demonstrated by Marshall et al. (2010) who found that neither concentric nor eccentric hamstrings strength was different between healthy controls and low back pain patients, whereas the ECR successfully identified the low back pain group from the control group. Although its use may be relatively validated in clinical populations, it has not been investigated in regard to the effects that fatigue may have on this variable, especially considering it is largely unknown how eccentric muscle performance during recovery periods may be impacted by fatiguing activities. Although some evidence suggests that eccentric strength is relatively well maintained during the actual performance of repetitive eccentric high force voluntary contractions (Tesch et al. 1990; Westblad et al. 1995) , other data involving more sport-specific fatigue protocols shows higher post exercise strength deficits in eccentric vs. concentric strength as well as decreased functional (i.e., eccentric/concentric) hamstrings to quadriceps strength ratios (Greig 2008; Small et al. 2010 ). We know of no studies examining responses of these specific parameters during short-term recovery periods. Finally, given that older adults have a relative preservation of eccentric strength in comparison to losses of concentric strength (Hortobagyi et al. 1995) , the influence of fatigue and age on the eccentric and concentric performances may provide interesting insight into the complexity of these interactions with implications for performance deficit risks during acute recovery periods.
Clinically relevant implications of muscle fatigue may be prevalent in both young and older populations as a result of performing activities of daily living, exercise, and/or rehabilitation tasks . Importantly, declines of neuromuscular function, which may occur following fatigue of the lower limbs, have been suggested to be a major risk factor for falls among the elderly (Bento et al. 2010) . Also, these risks may be connected to the eccentric phase of muscle activities (Hortobagyi et al. 1995) . Much of the efforts in understanding age-related fatigue resistance have been conducted during and/or immediately following occurrences of fatigue; however, few studies have examined the age-related effects-and associated mechanismsof acute recovery patterns following fatigue in isometric vs. dynamic actions. Furthermore, no previous investigations have examined this topic in the mobility relevant leg flexor muscle group. Therefore, the purpose of this study was to investigate the strength and power recovery responses for eccentric, concentric, and isometric muscle actions of the leg flexors in young and older men following a fatigue-inducing bout of isometric, intermittent submaximal contractions. We hypothesized that no age-related differences would be observed in recovery responses following fatigue but that eccentric muscle actions would exhibit less recovery compared to concentric.
Methods

Subjects
Nineteen young (mean±SD: age=25±3 years; stature= 179.1±8.1 cm; mass=89.0±22.0 kg) and nineteen older (age=71±4 years; stature=178.5±5.1 cm; mass=90.2± 11.6 kg) healthy, recreationally active men volunteered to participate in the study. This study was approved by the University Institutional Review Board, and all participants completed and signed an informed consent document and health history questionnaire prior to any testing. None of the subjects reported any current/ ongoing neuromuscular diseases or musculoskeletal injuries of the knee or hip of their right leg within 1 year prior to testing.
Procedures
Subjects visited the laboratory on two occasions with the first session being a familiarization trial where all subjects were instructed on the procedures of the study and practiced the MVCs and the fatigue protocol (the familiarization fatigue protocol was performed for 90 s, which reached a challenging but not failure threshold for a majority of the subjects). Within 2-4 days following the familiarization trial, subjects reported back to the laboratory for the experimental testing trial. All subjects were instructed to refrain from any vigorous physical activity within 24 h and caffeine consumption within 12 h of experimental testing.
Maximal voluntary contractions
All MVCs were performed with the right leg using a calibrated Biodex System 4 isokinetic dynamometer (Biodex Medical Systems, Inc., Shirley, NY, USA). For all strength assessments, subjects were seated with restraining straps placed over the trunk, pelvis, and thigh and the input axis of the dynamometer was aligned with the axis of rotation of the knee. The isometric MVCs were performed at a leg angle of 30°below the horizontal plane ). Prior to the testing, subjects performed a 5-min warm-up on a cycle ergometer (Monark Exercise 828E, Vansbro, Sweden) at a self-selected low-intensity workload, followed by three submaximal isokinetic leg extension and leg flexion muscle actions at 60°s −1 at approximately 75 % of their perceived maximal effort. Following the warm-up, subjects performed 2-3 leg flexion isometric MVCs, which were followed by three concentric and two eccentric MVCs at 60°s −1 (Note: three isometric MVCs were only performed if the first two exceeded a 10 % difference of peak torque (PT) values, and two rather than three eccentric actions were performed in an attempt to minimize any potential muscle damaging effects of multiple eccentric actions). One minute of recovery time was given between each repetition and 3 min of recovery was given between each muscle action.
Experimental fatigue protocol and recovery
The highest torque value (PT, Nm) recorded from the baseline isometric MVCs (Pre) was used to determine the target torque level for the subsequent experimental fatigue protocol. The target torque level was set at 60 % of PT, as this target level has been used to invoke neuromuscular fatigue in previous investigations (Vollestad 1997; Allman and Rice 2001; Conchola et al. 2013) . Participants were given a 5-min recovery period following the Pre MVCs and then performed the fatigue protocol on the Biodex dynamometer, which consisted of cyclical intermittent isometric contractions using a 0.6 duty cycle, involving a 6-s contraction followed by a 4-s relaxation phase (Bigland-Ritchie et al. 1986; Vollestad 1997; Hunter et al. 2004) . During the fatigue protocol, participants were required to track their torque production by tracing a horizontal line set at the target torque level, which was displayed in real time on a computer monitor placed directly in front of them. When participants were no longer able to reach their target torque level, despite giving a maximal effort, the fatigue test was terminated. Upon termination of the fatigue protocol, two isometric and concentric MVCs and one eccentric MVC were performed at immediately (Post0), seven (Post7), fifteen (Post15), and thirty (Post30) minutes following the fatigue task ). Strong verbal encouragement was provided throughout the duration of the fatigue protocol, and during all MVCs (Thompson et al. 2012) , and subjects were required to place their hands either on their thighs or across their torso (not being allowed to grasp the dynamometer handles or railing) to disengage any potential contribution of the upper body. In addition, in order to ensure adequate fatigue was attained for the participants, a threshold requirement of at least a 25 % reduction of isometric PT resulting from the fatigue protocol (Pre vs. Post0) was used as an inclusion criterion for the study. Consequently, only subjects that met this 25 % minimum fatigue threshold have been included in the study (two subjects failed to meet this requirement).
Signal processing and data analyses
The torque (Nm) signal was sampled at 2 KHz with a Biopac data acquisition system (MP150WSW, Biopac Systems Inc., Santa Barbara, CA, USA), stored on a personal computer (Dell Inspiron 8200, Dell Inc., Round Rock, TX, USA), and processed off-line with custom written software (LabVIEW 8.5, National Instruments, Austin, TX, USA). The torque signal was filtered using a fourth order, zero phase-shift, low-pass Butterworth filter with a 10 Hz cutoff frequency. For isometric muscle action analyses, the passive baseline torque value was considered the limb weight and subtracted from the signal so that the new baseline value was set at 0 Nm. Isokinetic muscle actions were also corrected for the effect of gravity on the lower leg in accordance with the gravity correction procedures described by Aagaard et al. (1995) . All subsequent analyses were performed on the scaled, filtered, and gravitycorrected torque signals. Isometric PT was calculated as the highest 500 ms epoch and isokinetic PT as the highest 25 ms epoch during the respective MVC plateau. The power (W) signal was derived as the product of the torque and velocity signals, and mean power was calculated as the mean value between the power onset (determined as the point where power increased to 2 % of the maximum power value above baseline) and the maximum power value. An ECR was derived by dividing the eccentric variable (i.e., PT or mean power) by the respective concentric variable, in order to provide an index of the proportion of eccentric vs. concentric muscle function capacities. For each muscle action, the MVC with the highest PT value was selected and used for data analysis. Table 1 for all PT, mean power, and ECR variables. For PT, there was no three-way interaction (age group×time phase×muscle action; P=0.664), but there were two-way interactions for age group×time phase (P = 0.014) and time phase × muscle action (P<0.001). For age group×time phase, PT was greater (P<0.001-0.002) for Pre compared to all other time phases for the young men but was only greater (P<0.001) for Pre compared to Post0 for the older men (Fig. 1a) . Also, Post0 was lower (P<0.001) compared to all other time phases, and no differences were observed between Post7, Post15, and Post30 (P=0.152-1.000) for both the young and older men. For time phase×muscle action, PT was greater for Pre compared to all other time phases for both the isometric (P<0.001) and eccentric (P<0.001-0.012) muscle actions, but was only greater for Pre compared to Post0 (P<0.001) for the concentric muscle action (Fig. 1b) . Also, Post0 was lower (P<0.001-0.009) compared to all other time phases, and no differences were observed between Post7, Post15, and Post30 (P=0.246-1.000) for all muscle actions. For mean power, there was no three-way interaction (age group×time phase×muscle action, P=0.275), but there were two-way interactions for age group×time phase (P = 0.009) and time phase × muscle action (P<0.001). For age group×time phase, mean power was greater (P<0.001) for Pre compared to all other time phases for the young men but was only greater (P<0.001) for Pre compared to Post0 for the older men. Also, Post0 was lower (P<0.001) compared to all other time phases, and no differences were observed between Post7, Post15, and Post30 (P=1.000) for both the young and older men. For time phase×muscle action, mean power was greater (P<0.001) for Pre compared to all other time phases for the eccentric muscle action, but was only greater (P<0.001) for Pre compared to Post0 for the concentric muscle action. Also, Post0 was lower (P<0.001) compared to all other time phases, and no differences were observed between Post7, Post15, and Post30 (P=1.000) for both the eccentric and concentric muscle actions.
For PT and mean power ECR, there was no age group×time phase interaction (P=0.379, 0.824), but there were main effects for time phase (P<0.001). Post hoc analyses for PT ECR revealed that Pre was greater compared to Post15 (P=0.037) and Post30 (P=0.001) and Post0 was greater compared to Post7 (P=0.019), Post15 (P=0.003), and Post30 (P=0.001). No differences were observed between Post7, Post15, and Post30 (P=1.000). Post hoc analyses for mean power revealed that both Pre and Post0 were greater compared to Post7 (P=0.020, 0.006), Post15 (P=0.012, 0.001), and Post30 (P=0.009, 0.003) but no differences were observed between Post7, Post15, and Post30 (P=1.000) (Fig. 2) .
Discussion
The primary findings of this investigation were that following a bout of fatigue-inducing isometric intermittent contractions, (1) older men exhibited more rapid and pronounced recovery of strength capacities than young men, and (2) concentric muscle actions recovered more rapidly than eccentric or isometric actions. Thus, the hypothesis was not supported that no age-related differences would exist in strength-based recovery characteristics; however, the prolonged recovery pattern between eccentric and isometric vs. concentric muscle actions was supported.
Age-related differences in recovery characteristics following fatiguing contractions were observed between the young and older men, when collapsed across all muscle actions. Despite a similar reduction of total PT capacity (collapsed across muscle actions) immediately following the fatigue protocol for the young (30.8 %) and older (27.6 %) men, the older men's strength levels were statistically recovered to baseline values within 7 min following fatigue (although it is notable, a residual 4.8-7.8 % reduction of PT did remain for the Post7-Post30 periods); while the young men's PT did not recover to baseline within 30 min following fatigue, exhibiting an 11.1-14.0 % reduction for the Post7-Post30 time periods (Table 1, Fig. 1a) . Two previous investigations have used similar isometric intermittent fatigue protocols and recovery periods as the present study. Vollestad et al. (1997) fatigued the leg extensors of young adults (22-30 years) using a similar protocol at 60 % of MVC and reported significant reductions (12.0 % lower vs. pretest) of isometric strength capacities at ∼30 min of recovery-which matches the 11.1 % reduction of PT at 30 min for the young in the present study. Allman and Rice (2001) also used a similar fatigue protocol, but examined the forearm flexors, in which they compared fatigue and recovery characteristics between young and older men. These authors reported no age-related differences in recovery of strength capacities up to 60 min post-fatigue, showing that MVC force levels were significantly reduced by 10.0 % at 30 min of recovery in both age groups. These findings specifically corroborate the isometric muscle action findings of the present study, but diverge from the present results when collapsed across muscle actions (decreased PT of only 7.8 % for the older, but 14.7 % for the young men). This apparent disparity is largely a function of the more rapid recovery of concentric PT for the older men, which was not large enough to yield a significant three-way interaction, but nevertheless had enough leverage to lower the magnitude of the reduction of PT at 30 min recovery in the older age group when collapsed across the other two muscle actions. Thus, although Allman and Rice (2001) concluded no effects of age on recovery of isometric strength responses from fatigue, based on our analyses, we must conclude the contrary for combined dynamic and isometric muscle actions, which favors more rapid recovery in older men. Plausible mechanisms for these findings are likely not related to neuromuscular activation impairments, as previous evidence suggests that age-related responses to muscle fatigue are unlikely to be attributed to either peripheral or central activation differences between healthy young and older adults as a result of moderate to high intensity intermittent isometric fatiguing contractions (Allman and Rice 2001; Kent-Braun et al. 2002; Lanza et al. 2004; Chung et al. 2007; Callahan et al. 2009 ). Alternatively, the observed force reducing fatigue responses are more likely to reside within the muscle, with fatigue accumulation resulting from intramuscular metabolic changes (Miller et al. 1995; Vollestad et al. 1997; Allen and Westerblad 2001; Allman and Rice 2001) , and excitation contraction coupling (ECC) impairments (Baker et al. 1993; Jones 1996) . Changes in metabolites leading to phosphocreatine (PCr) depletion, and accumulation of H + , inorganic phosphate (P i ), and deprotonated inorganic phosphate (H 2 PO 4 − ), have been associated with fatigue-related processes on cellular mechanisms controlling force production (Miller et al. 1995; Allen and Westerblad 2001) . Some evidence suggests that older individuals may exhibit less fatigue-related metabolic perturbations, such as smaller decreases in intracellular pH and PCr, and accumulate less P i and H 2 PO 4 − compared to young adults (Kent-Braun et al. 2002; Lanza et al. 2005 Lanza et al. , 2007 . One explanation of the divergent age-related recovery responses may be related to the differential effects of age on increases in P i and Ca 2+ concentrations during repetitive forceful contractions. Rising levels of P i during muscular contraction, a consequence of substrate utilization, have been shown to reduce depolarization-induced Ca 2+ release from the sarcoplasmic reticulum, thus, limiting force production (Dutka et al. 2005; Posterino and Dunn 2008) . Previous studies (Kent-Braun et al. 2002; Lanza et al. 2007 ) have shown lower increases of intracellular concentrations of P i and H 2 PO 4 − during exercise in older compared to young subjects, which may be a result of greater reliance on oxidative ATP sources in the older adults yielding less metabolite accumulation (Kent-Braun et al. 2002; Lanza et al. 2005 Lanza et al. , 2007 . Age-related muscle fiber transformation from Type II to Type I (Lexell 1995; Lee et al. 2006) with advanced age may also play a role in mitigating the effects of fatigue responses on subsequent recovery patterns. For example, under conditions of contraction, Type II fibers have been shown to exhibit more depressed contractility with the presence of P i (Posterino and Dunn 2008) and ADP (Macdonald and Stephenson 2006) ; greater contraction-induced SR function/Ca 2+ release impairments (Li et al. 2002) and lowered Ca 2+ sensitivity (Hvid et al. 2013) and release 3-4-fold greater amounts of Ca 2+ per comparable stimuli (Baylor and Hollingworth 2012 ) when compared to Type I fibers. Moreover, these fiber type attributes may contribute to the higher susceptibility of Type II fibers to low frequ en cy fa tigu e (Power s and Bin de r 19 91; Rijkelijkhuizen et al. 2003) , which is supported in terms of age-specific effects on low frequency fatigue by the findings of Bilodeau et al. (2001) who showed greater low frequency fatigue in young vs. older subjects in the time period following fatiguing contractions of the elbow flexors. Notably, it appears to be the elevation of intracellular Ca 2+ concentration (more specifically the Ca 2+ -time integral) throughout the exercise that plays a primary role in the development of low frequency fatigue several minutes into the recovery period (Chin and Allen 1996; Chin et al. 1997) , likely due to the disruption of ECC processes caused by Ca 2+ -activated proteases/lipases (Bruton et al. 1998; Verburg et al. 2005) . One hypothesis we propose may be that the excitation contraction uncoupling reported in older adults (Delbono et al. 1995; Boncompagni et al. 2006) , may be advantageous for reducing contraction-induced intracellular Ca 2+ levels (particularly the Ca 2+ -time integral) during exercise, which would consequently attenuate the magnitude of low frequency fatigue. Together, the changes with aging that yield lower ECC and metabolite accumulation during muscular contraction, fiber type changes, and lower motor unit discharge rates may produce a scenario which provides (despite the unfavorable effects on absolute force production capacities) reduced levels of intracellular Ca 2+ , and thereby diminishing subsequent deleterious effects of high Ca 2+ levels on the development of low frequency fatigue. Although the present findings would seem to support this hypothesis, a limitation of this study was the inability to identify any of the mechanisms that may be associated with these findings. It is also notable that, as expected, the peak torque of the young men was substantially higher than the older men which yielded greater absolute torque output performance during the fatigue protocol. Although the level of post-fatigue strength decrements was standardized across both groups, it is plausible that the inherent age-related strength differences may also have played a role in the present recovery differences. Finally, the effects of learning on the fatigue protocol and testing procedures may have impacted the outcome measures, although the longer fatigue endurance times for the older men (443.4 s) compared to the young men (274.3 s) would seem to suggest the effects of impaired learning on these procedures by the older group were not present or at a minimum. The disparity in endurance times which favors the older adults is notable, especially when coupled with the findings of the older group's enhanced recovery from the effects of the protocol. Although many of the physiological mechanisms mentioned above may provide a rationale for this phenomenon (i.e., age-related fiber type transformation, enhanced contractile efficiency, excitation contraction uncoupling etc. for older adults), future studies in which multiple recovery assessments are taken, in conjunction with a standardized level of fatigue induction across age groups, would help to validate and elucidate the nature of these responses. Specifically, further research is needed examining the age-related effects of acute recovery responses following contraction-induced fatigue which utilizes more sophisticated physiological assessments (contractile properties, muscle biopsies, motor unit decomposition, etc.) aimed at elucidating the specific mechanisms responsible for any observed divergence of recovery patterns as a result of aging.
A novel finding of the present study was the more rapid and pronounced recovery of the concentric PT and power compared to the isometric and eccentric muscle actions, which was not influenced by age. Concentric PT and power were recovered to baseline levels at 7 min post exercise, whereas both the eccentric and isometric muscle actions exhibited depressed PT and power for up to 30 min into recovery (10.1-17.4 % lower at 30 min vs. pretest). It is possible that differences in neural activation strategies between muscle actions may be the basis for these findings. When compared to concentric muscle actions, a number of authors have reported eccentric actions exhibit reduced muscle activation (Enoka 1996; Del Valle and Thomas 2005) , lower motor unit discharge rates (Enoka 1996; Del Valle and Thomas 2005; Kallio et al. 2013) , selective activation of highthreshold motor units (Nardone et al. 1989; Enoka 1996) , and lower motor-evoked potential area and Hoffman reflex amplitude (Enoka 1996) . A lower magnitude of activation as well as discharge rates during eccentric actions may lead to more pronounced force decrements in the presence of low frequency fatigue because it is characterized by force reductions specifically at lower frequencies. This would have substantial effects on force production given that the lower frequencies for eccentric actions may likely fall on the steep portion of the force-frequency curve, such that small changes in discharge frequency may have relatively large impacts on force production. Also, the selective activation of high-threshold motor units during eccentric actions may more preferentially impair eccentric force production during low frequency fatigue because it is the fibers associated with these motor units (Type II) that may undergo greater exercise-induced low frequency fatigue compared to Type 1 (Powers and Binder 1991; Rijkelijkhuizen et al. 2003) . These combined effects were reflected in the ECR (Fig. 2) which demonstrated a brief increase at post exercise but then declined significantly to below baseline values for the duration of the 30-min recovery period. This reduction was likely a function of the development of low frequency fatigue (see above), and this ratio may thus be a useful indicator of recovery status from fatigue. Importantly, the proportionally greater reduction of eccentric muscle performance characterized by slower recovery following exercise may have detrimental impact on injury risks, as well as functional performances during this period of Bsupposed^recovery. Eccentric actions occur frequently in daily activities and athletic performance as well as serve to attenuate impact forces and protect less compliant structures during braking movements (Enoka 1996) . The greater exercise-induced depression of force capacities for the eccentric actions across a 30-min recovery period shown in the present study is suggestive of a relatively extended period of time whereby physical activities may be compromised in terms of both optimal performance as well as potential for injury as a result of low eccentric force production abilities. This finding appears to be particularly useful in the context of this study for the reason that these depressed strength responses were demonstrated for the eccentric actions specifically for the hamstrings muscles, which is a key contributing muscle group toward injury risk profiling (specifically to the functional eccentric hamstrings to concentric quadriceps ratio) (Jenkins et al. 2013) , as well as being a sensitive muscle group for identifying/ discriminating both athletic (Jenkins et al. 2013; Thompson et al. 2013 ) and clinical-based functional status (Bento et al. 2010; Palmer et al. 2014) .
In summary, strength-and power-related recovery responses subsequent to induced fatigue of the leg flexors may be augmented in older vs. younger men for various types of muscle actions, and this may be a result of physiological changes occurring at advanced age. The higher force producing muscle actions, which include both eccentric and isometric actions, recovered slower from fatigue compared to concentric actions, and this was reflected by the ECR and was also independent of age. In practice, greater exercise-induced reductions of eccentric strength and power for extended durations of recovery may unfavorably impact the hamstrings to quadriceps performance ratio, and thereby lead to increased injury risks and performance deficits. Such a scenario may be present even when coaches or clinicians may perceive the effects of fatigue to be fully restored, such as following a several-minute rest period. Caution may be prudent in scenarios involving training, rehabilitation, or other settings where physical activityinduced fatigue has resulted from moderately-high intensity, intermittent exercise/activity patterns in which further physical activity is required given the possibility of proportionally higher strength-based impairments in activities consisting of a functional eccentric component (i.e., explosive-or strength-based tasks, balance, reaction time, etc.). Interestingly, the potential ramifications of reduced strength-based performance abilities during short-term periods of recovery from fatigue may be more paramount for younger than for older adults.
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